Introduction {#S0001}
============

Periodontitis is characterized by destruction of periodontium due to chronic inflammation. It is the most common disease and affects approximately 90% of the worldwide population.[@CIT0001]--[@CIT0003] Periodontitis involves the progressive destruction of periodontal tissue, loosening of teeth, toothache, swollen gums, deep periodontal pocket and ultimately, tooth loss.[@CIT0004],[@CIT0005] The ideal therapy of periodontitis is to reverse the microenvironmental inflammation of periodontium, achieve successful periodontal regeneration of cementum-PDL complexes and alveolar bone. Over the past several decades, conventional approaches such as periodontal scaling, guided tissue regeneration and root planing have been attempted to control periodontal inflammation and regenerate periodontal tissues; however, complete biological regeneration of lost periodontal structures has not been achieved.[@CIT0006]--[@CIT0008] Periodontal ligament stem cells (PDLSCs) are the main functional cells which are widely known in the regeneration and repair of periodontium. PDLSCs can differentiate into osteoblasts, adipocytes and cementoblasts, which is essential for physiological healing of cementum-PDL complexes and alveolar bone.[@CIT0009] Because of osteogenic differentiation capacity of PDLSCs, it can be used as a promising method for the functional restoration of periodontal tissue damaged by periodontitis.[@CIT0010],[@CIT0011]

Erythropoietin (EPO) is a glycoprotein cytokine, which is commonly identified by its role in increasing the circulating erythrocyte mass.[@CIT0012] Despite being widely recognized for its erythropoietic activity, EPO has been largely known for its multiple biological functions outside the hematopoietic system. Nonhematopoietic functions of EPO have been reported to include angiogenic,[@CIT0012] cardioprotective,[@CIT0013] neuroprotective,[@CIT0014] neurotrophic,[@CIT0015] anti-inflammatory,[@CIT0016] anti-apoptosis,[@CIT0017] antioxidative,[@CIT0018] effects in different cells such as brain capillary endothelial cells,[@CIT0019] vascular smooth muscle cells,[@CIT0020] myocardial cells,[@CIT0021] neurons[@CIT0022] and astrocytes.[@CIT0023] Recent studies have found that EPO can enhance osteoclastogenesis by activating the release of VEGF and BMP-2 in cellular microenvironment.[@CIT0024] In addition, EPO has been shown to stimulate mesenchymal stromal cell (MSC) differentiation toward osteoblasts in vitro[@CIT0025],[@CIT0026] as well as to increase bone formation and the number of osteoblasts in vivo, especially if ephrinB2/EphB4 signaling in concomitantly activated.[@CIT0027] However, whether EPO can affect osteogenic differentiation of PDLSCs remains uncertain. Therefore, what role does EPO play in osteogenic differentiation of PDLSCs still needs to be explored.

Lots of researches showed that EPO could regulate the versatile function of stem cells through multi-pathway. Shiozawa et al[@CIT0028] suggests that EPO has the capacity of stimulating osteoblastic differentiation BMSCs (bone marrow mesenchymal stem cells) by EPO-EPOR signaling pathway. Activation of the canonical Wnt pathway was detected upon EPO treatment in MSC during neuronal differentiation.[@CIT0029] In addition, investigators who explored the effect of EPO on osteoblastic differentiation in hematopoietic stem cells observed a direct correlation between the JAK/STAT pathway and bone morphogenetic proteins.[@CIT0030] However, few studies have investigated whether EPO influences the osteogenic differentiation of PDLSCs. Moreover, the molecular mechanisms of EPO in stimulating osteogenic differentiation of PDLSCs have not been yet explored. Therefore, the aim of the present study was to examine the positive effect of EPO in osteogenic differentiation of PDLSCs and its correlation with Wnt/β-catenin signaling.

Materials and methods {#S0002}
=====================

PDLSCs isolation, cultivation and characterization {#S0002-S2001}
--------------------------------------------------

Normal human first premolars (n=20) were collected from malocclusion patients (14--18 years) who visit the department of orthodontics after approval from the Shandong University's research Ethical Committee. Written informed consent was obtained from a parent of patients. According to previous methods,[@CIT0031] PDLSCs were isolated and cultured in a complete medium containing α-MEM and 10% FBS (BI, USA) at 37°C under a humidified atmosphere containing 5% CO~2~ . PDLSCs from P3--P5 were used for subsequent experiments. To characterize their stem cell properties, fluorescein isothiocyanate (FITC) labeled CD34, CD90 and CD105 coupled with flow cytometer (Beckman Coulter, Franklin Lakes, NJ, USA) were used to flow cytometric analysis.

Osteogenic and adipogenic induction {#S0002-S2002}
-----------------------------------

For osteogenic differentiation, PDLSCs were plated into 6-well dishes at a density of 1.5×10^5^ cell/well with complete medium. After reaching 90% confluence, osteogenic induction (Cyagen Biosciences, Guangzhou, People\'s Republic of China) was initiated and maintained for 3 weeks with medium changed every 3 days. Different concentrations of EPO (10, 20 and 50 U/mL) were added at every medium change. When osteogenic induction finished, PDLSCs were fixed with 4% paraformaldehyde and then stained with Alizarin Red-S (Cyagen Biosciences, ). For adipogenesis, PDLSCs were cultured in adipogenic medium (α-MEM supplemented with 500 mM isobutyl-methylxanthine, 0.5 μM hydrocortisone, 60 mM indomethacin, 10 mM insulin and 10% FBS) for 3 weeks. After finishing adipogenesis, PDLSCs were fixed with 4% paraformaldehyde and then stained with Oil Red O. All experiments were repeated three times.

Cell proliferation assay {#S0002-S2003}
------------------------

The effect of EPO on cell proliferation was examined by Cell Counting kit-8 (CCK8, Dojindo Laboratories) assay. PDLSCs were placed in 96-well plates at a density of 5×10^3^ cell/dish in normal culture medium. After overnight incubation, PDLSCs were incubated in growth medium supplemented with different concentrations of EPO (0, 5, 10, 20, 50 U/mL) for various times (0, 12, 24, 48 hrs). The absorbance of samples was measured at 450 nm with a microplate reader (SPECTRAstar, Nano, BMG Labtech, Germany). The assays were repeated three times.

Alkaline phosphatase activity assay {#S0002-S2004}
-----------------------------------

After 7 and 14 days of induction, the alkaline phosphatase (ALP) test kit (Jian Cheng Biotech, Nanjing, People\'s Republic of China) was used for quantitative analysis of ALP activity. The absorbance at a wavelength of 520 nm was measured with a microplate reader. Protein concentration was detected with a BCA protein assay kit (Solarbio Beijing, People\'s Republic of China). Values were normalized and expressed as U/mg protein.

RNA isolation and real-time PCR {#S0002-S2005}
-------------------------------

After culturing for 7 and 14 days, total RNA was extracted by Trizol reagent (Takara, Kusatsu, Japan) and cDNA was prepared using PrimeScript^®^ RTase (Takara). SYBR^®^ Premix Ex Taq™ ІІ (Takara) was used for qRT-PCR. qRT-PCR performed on a Roche Light Cycler^®^ 480 Sequence Detection System (Roche Diagnostics GmbH, Mannheim, Baden-Württemberg, Germany). The primer sequences in the present study are listed in [Table 1](#T0001){ref-type="table"}. The values were analyzed using comparative 2^−ΔΔCt^ method. All examinations were performed in triplicate and the data were averaged.Table 1qRT-PCR primers used in this studyTarget genePrimersSequenceGAPDHForward5ʹ-GCACCGTCAAGGCTGAGAAC-3ʹReverse5ʹ-TGGTGAAGACGCCAGTGGA-3'Runx2Forward5ʹ-GCGCATTCCTCATCCCAGTA-3ʹReverse5ʹ-CCTGCCTGGGGTCTGTAATC-3'OsterixForward5ʹ-GCTTGAGGAGGAAGTTCACTA-3ʹReverse5ʹ-GAGTTGTTGAGTCCCGCAGA-3'OCNForward5ʹ-CACCGAGACACCATGAGAGC-3ʹReverse5ʹ-CTGCTTGGACACAAAGGCTGC-3'

Western blotting {#S0002-S2006}
----------------

After culturing for 14 days, the whole cell lysates were prepared using RIPA Lysis Buffer (Beyotime, Shanghai, People\'s Republic of China) and 1% PMSF (Beyotime). The whole protein concentrations were measured by bicinchoninic acid (BCA) protein assay kit (Beyotime). Total cell lysates were separated on 10% SDS-PAGE and transferred onto polyvinylidene fluoridemembranes. After blocking with 5% nonfat dried milk in PBST (PBS+0.1% Tween-20), blots were probed with primary antibodies to Runx2, Osterix, OCN, Cyclin D1 (Abcam, Cambridge, MA, USA) β-catenin and β-actin (Cell Signalling Technology, USA) overnight at 4°C and secondary antibody (Absin, Shanghai, People\'s Republic of China) incubation at 37°C for 1 hr according to standard protocols. Immunoreactive proteins were visualized using a electrochemiluminescence system (Millipore).

Immunofluorescence staining {#S0002-S2007}
---------------------------

After culturing for 14 days, cells were fixed and treated with β-catenin antibody (1:100, Cell Signaling Technology) overnight at 4°C. After washed twice with PBS, the samples incubated with an IgG-FITC antibody (Absin) at 1:100 dilution in TBS with 1% BSA for 1 hr. DAPI solution was used to visualize fluorescence-stained biomedical nuclei. The images were captured with a fluorescence microscope (Olympus, Japan)

Lentivirus vector package and transfection {#S0002-S2008}
------------------------------------------

Lentivirus vector consisting of shRNA silencing β-catenin and negative control (the scrambled sequence) was constructed and packaged by School of Pharmaceutical Sciences, Shandong University. The sequences of β-catenin shRNA[@CIT0032] were 5ʹ-AAACTACTGTGGACCACAAGCCCTGTCTC-3ʹ and 5ʹ-AAGCTTGTGGTCCACAGTAGTCCTGTCTC-3ʹ. Successful transfection of PDLSCs was identified by green fluorescence. In total, \>70--80% cells flashed with green fluorescence under a fluorescence microscope indicated stable transfection with lentivirus-mediated shRNA.

Statistical analysis {#S0002-S2009}
--------------------

All data were expressed as mean (SD), and all experiments performed three replicates. Statistical calculations were analyzed using the Student\'s *t*-test, or one-way ANOVA and a *P-*value \<0.05 was considered a statistically significant difference (SPSS16.0, Inc., Chicago, IL, USA).

Results {#S0003}
=======

Cell culture and characterization of PDLSCs {#S0003-S2001}
-------------------------------------------

As detected by flow cytometry, the positive expression of surface markers in PDLSCs was CD90 and CD105, and thenegative expression of hematopoietic marker was CD34 ([Figure 1](#F0001){ref-type="fig"}). The osteogenic and adipogenic potentials of PDLSCs were proved by the formation of Alizarin Red-positive nodules and Oil Red O-positive lipid droplets ([Figure 2](#F0002){ref-type="fig"}).Figure 1Characterization of Peridontal ligament stem cells (PDLSCs) by flow cytometric analysis. Flow cytometric analysis of PDLSCs reve aled expression of CD34 (**A, B**), CD90 (**C, D**) and CD105 (**E, F**).Figure 2Morphological observation of Peridontal ligament stem cells (PDLSCs) and multilineage differentiation assay. (**A**) PDLSCs exhibited thin and long fibroblastic spindle morphology. (**B**) PDLSCs were under adipogenic differentiation induction and stained with Oil Red O. (**C**) PDLSCs were under osteogenic differentiation induction and stained with Alizarin Red. Scale bars: 200 μm.

The proliferation of PDLSCs {#S0003-S2002}
---------------------------

As compared to control group (0 U/mL EPO), 5, 10, 20 and 50 U/mL of EPO exhibited stimulative effect on the proliferation of PDLSCs at 24 and 48 hrs. It is obvious that the stimulative effect of EPO on proliferation peaked at 20 U/mL. As compared to the concentration of 20 U/mL EPO cultures, 50 U/mL EPO group possessed a reduced proliferative rate at 24 and 48 hrs. ([Figure 3](#F0003){ref-type="fig"}).Figure 3Effect of Erythropoietin (EPO) on the proliferation of Periodontal ligament stem cells (PDLSCs).**Note:**\**P*\<0.05.

ALP activity {#S0003-S2003}
------------

To asssess the effect of 10 and 20 U/mL EPO, ALP activity of PDLSCs were significantly promoted and were higher than that in control group. Compared to 10 U/mL EPO, the concentration of 50 U/mL EPO obviously stimulates the ALP activity of PDLSCs. Although the ALP activity of PDLSCs cultured with 50 U/mL EPO was increased, there was no significant difference at the concentration of 20 U/mL EPO and 50 U/mL EPO. ([Figure 4](#F0004){ref-type="fig"}).Figure 4The ALP activity of Peridontal ligament stem cells (PDLSCs) under different concentration of Erythropoietin (EPO) treatment. (\**P*\<0.05, compared with 0 U/mL EPO group. ^\#^*P*\<0.05, compared with 50 U/mL EPO group).

EPO promoted the osteogenic-related gene and protein expression of PDLSCs {#S0003-S2004}
-------------------------------------------------------------------------

The osteogenic differentiation of PDLSCs cultured with 20 U/mL EPO was assessed by RT-qPCR to measure mRNA expression of Osterix, Runx2 and OCN. The expression of Runx2, OCN and Osterix increased significantly both in mRNA and protein levels 7 and 14 day(s) during EPO treatment ([Figure 5A](#F0005){ref-type="fig"}--[C](#F0005){ref-type="fig"}). It is obvious that EPO-induced increase in Runx2, OCN and Osterix was attenuated by knocking-down of β-catenin ([Figure 6](#F0006){ref-type="fig"}). Furthermore, Alizarin Red staining for mineralized deposition was consistent with Western blot analysis ([Figure 7](#F0007){ref-type="fig"}).Figure 5Effect of Erythropoietin (EPO) on osteogenic genes expression of Periodontal ligament stem cells (PDLSCs) under different conditions. (**A**) The mRNA expression of Osterix after 7 and 14 day(s). (**B**) The mRNA expression of Runx2 after 7 and 14 days. (**C**). The mRNA expression of OCN after 7 and 14 day(s). (\**P*\<0.05, compared with control group. ^\#^*P*\<0.05, compared with EPO+β-catenin shRNA+group).Figure 6Effect of Erythropoietin (EPO) on protein expression of Osterix, Runx2 and OCN in Periodontal ligament stem cells (PDLSCs) under different treatment (Osteogenic induction group, EPO group, EPO+NCshRNA group and EPO+β-catenin shRNA group).Figure 7(**A**) ARS staining of mineralized nodule formation. (**B**) Amount of calcium deposition on day 21, quantified by absorbance at 562nm. Periodontal ligament stem cells (PDLSCs) were treated with ﻿osteogenic induction (OI), Erythropoiethin (EPO)+OI, EPO+OI+NCshRNA and EPO+OI+β-catenin shRNA. Scale bars: 200 µm.

EPO enhances mineralized nodule formation in PDLSCs {#S0003-S2005}
---------------------------------------------------

To detect the mineralized nodules formation during the differentiation process, the CPC colorimetric method was used to quantify the mineralized nodule formation of PDLSCs. Compared to osteogenic inductive medium, the quantitation of calcium of PDLSCs cultured with 10, 20 and 50 U/mL EPO showed an increase of calcium deposits in a dose-dependent manner ([Figure 8A](#F0008){ref-type="fig"} and [B](#F0008){ref-type="fig"}).Figure 8Effect of EPO on Wnt/β-catenin pathway. (**A**) ARS staining of mineralized nodule formation. Scale bars: 200 µm. (**B**) Amount of calcium deposition on day 21, quantified by absorbance at 562 nm.**Note:** \**P*\<0.05.**Abbreviation:** OI, osteogenic induction group.

EPO promotes osteogenic differentiation of PDLSCs through Wnt/β-catenin signaling {#S0003-S2006}
---------------------------------------------------------------------------------

To further study the underlying signaling mechanism, Wnt/β-catenin signaling in osteogenic differentiation of PDLSCs (by Western blot) was evaluated. As shown in [Figure 9](#F0009){ref-type="fig"}, EPO can upregulate the expression of β-catenin and CyclinD1 in the process of osteogenesis in a concentration-dependent manner at the protein level. The results showed that the expression of β-catenin and CyclinD1 was significantly promoted by 20 U/mL EPO treatment. Following transfected with β-catenin-specific shRNA, EPO-induced β-catenin and CyclinD1 was significantly inhibited ([Figure 10](#F0010){ref-type="fig"} and [11](#F0011){ref-type="fig"}). Subsequently, we confirmed that EPO induced the expression of β-catenin in osteogenic differentiation of PDLSCs using immunofluorescence staining ([Figure 11](#F0011){ref-type="fig"}). Moreover, mineralization-related gene and protein expression of Osterix, Runx2 and OCN induced by EPO were also significantly decreased after shRNA transfection. These results suggesting EPO promote osteogenic differentiation of PDLSCs through Wnt/β-catenin signaling.Figure 9EPO can upregulate the expression of β-catenin and CyclinD1 in the process of osteogenesis in a concentration-dependent manner.Figure 10The protein level of β-catenin and CyclinD1 was assessed by Western blot analysis. (﻿Osteogenic induction group, EPO group, EPO+NCshRNA group and EPO+β-catenin shRNA group).Figure 11β-catenin was detected by immunostaining. Nuclei were stained with DAPI (blue staining). (﻿Osteogenic induction group, EPO group, EPO+NCshRNA group and EPO+β-catenin shRNA group). Scale bars: 200 µm.

Discussion {#S0004}
==========

PDLSCs are pluripotent cells, which can differentiate into chondrocyte, osteoblasts, cementoblast, fibroblasts, lipoblasts and other cell phenotypes. PDLSCs also play an important role in the restoration of periodontal tissues, including periodontal ligament, alveolar bone and cementum. Therefore, medicament which could promote osteogenic differentiation of PDLSCs may act as a promising candidate to restore the function of PDLSCs in periodontitis. Despite EPO possesses multiple biological functions besides the regulation of red blood cell generation, the effects of EPO on osteogenic differentiation and periodontal regeneration remain controversial. Hence, we investigate the relationship between EPO and osteogenic differentiation of PDLSCs. Additionally, the underlying mechanism of this process was also explored.

Open flap debridement with guided tissue regeneration technology represents an alternative strategy against periodontal tissue damage that occurs in many periodontal diseases, such as periodontitis. Although tissue engineering and regenerative medicine couple with PDLSCs can promote restoration of periodontal tissue to a certain degree, the methods were inefficient for complete biological and functional regeneration of lost periodontal structures. PDLSCs were the most promising source to achieve the regeneration of cementum-PDL complexes and alveolar bone by their multipotent differentiation ability. Although current applications with tissue engineering have already made certain progress, it would be more meaningful to explore effective factors and formulate their mechanisms. In this study, we investigate whether the use of EPO could be able to promote osteogenic differentiation of PDLSCs. For this purpose, detailed research is firstly given on the optimal concentration of EPO for cell proliferation and osteogenic differentiation. Because the optimal condition for periodontal tissue restoration requires minimal inhibition of cell proliferation with the maximal stimulation of osteogenic differentiation, we proceeded to demonstrate the ALP activity of PDLSCs after different concentration of EPO treatment. According to our results, the concentration of 20and 50 U/mL EPO both increased ALP activity in a dose- and time-dependent manner. Based on these results, EPO at 20 U/mL exhibited both positive effects on proliferation and osteogenic differentiation of PDLSCs.

The molecular mechanism of bone formation involves three major phases: 1) proliferation, 2) extracellular matrix maturation and 3) mineralization, which are orchestrated by various key molecules that regulate this phase transfer. Runx2 is proved to be the most important transcription factors necessary for the process of osteogenesis and is responsible for the activation of osteoblast differentiation marker genes.[@CIT0033],[@CIT0034] OCN was involved in controlling the mineralization process, appeared at a late stage of osteogenic differentiation and was characterized by mature cells of the osteoblastic lineage.[@CIT0035],[@CIT0036] Furthermore, osterix (also known as Sp7) is a novel zinc finger-containing osteoblast-specific transcription factor that is essential for osteoblast differentiation, proliferation and bone formation. It regulates the expression of many osteogenic factors, including Runx2, osteonectin, osteopontin, osteocalcin and (ALP.[@CIT0037]--[@CIT0039] Runx2, OCN and Osterix are closely related to multiple steps of osteogenic differentiation of PDLSCs. To confirm the relationship between EPO and osteogenic differentiation of PDLSCs, we verified the expression of Runx2, OCN and Osterix after 14 day(s) treated with EPO. The results indicate that Runx2, OCN and Osterix are upregulated in the EPO group both at gene and protein level, Alizarin Red staining for mineralized deposition was also significant in EPO treated group.

Several studies have shown that Wnt/β-catenin signaling pathway is involved in osteogenic differentiation of PDLSCs,[@CIT0040]--[@CIT0042] which motivated us to explore whether this signaling pathway plays a role in EPO-induced expression of osteogenic markers in PDLSCs. The Wnt/β-catenin signaling pathway is linked to osteogenesis via the activation of β-catenin and upregulate the expression of its target gene Cyclin D1. In our study, the increased expression of β-catenin induced by EPO significantly upregulated the protein levels of Cyclin D1 and Runx2, knock-down of β-catenin downregulated these two proteins. Moreover, knock-down of β-catenin can also depress the formation of mineralization. These findings revealed that EPO stimulated the expression of osteogenic markers through the activation of β-catenin and Cyclin D1.

In conclusion, our study proves that EPO (20 U/mL of concentration) promotes proliferation and osteogenic differentiation of PDLSCs. The underlying mechanism may be activating Wnt/β-catenin signaling pathway.
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Abbreviation list {#S0005}
=================

EPO, erythropoietin; PDLSCs, periodontal ligament stem cells; MSC, mesenchymal stromal cell; HSCs, hematopoietic stem cells; ARS, Alizarin Red-S staining; GTR, guided tissue regeneration.
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